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We investigated the orientations of interface dipole moments of individual non-planar titanyl phthalocyanine (TiOPc) molecules 
on Cu(111) and Cu(100) substrates using scanning tunneling microscope (STM) and noncontact atomic force microscope 
(NC-AFM). The dipole moment orientations corresponding to two different configurations of individual TiOPc molecules were 
determined unambiguously. The correlation between the actual molecular structures and the corresponding STM topographies is 
proposed based on the sub-molecular resolution imaging and local contact potential difference (LCPD) measurements. Comparing 
with the pristine substrate, the LCPD shift due to the adsorption of non-planar molecule is dependent on the permanent molecular 
dipole, the charge transfer between the surface and the molecule, and the molecular configurations. This work would shed light on 
tailoring interfacial electronic properties and controlling local physical properties via polar molecule adsorption.  
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Interface dipoles induced by self-assembly of organic mol-
ecules on metal surfaces play an important role in control-
ling the surface and/or interface properties, especially in the 
modification of work function of the metal substrate and the 
energy-level alignment of organic semiconductor with the 
metal Fermi level [1,2]. Interface dipole is strongly influ-
enced by the permanent dipole of the organic molecule and 
the “bonding” dipole induced by the molecule-metal inter-
action [3–6]. To understand the energy-level alignment at 
the interface and design interfaces with desired properties, 
atomic level investigations on the molecular structures of 
organic adsorbates and interfacial electronic structures are 
highly required and challenging.  
Metal phthalocyanines (MPcs), together with their deriv-
atives, have attracted great interest over the past years be-
cause of their unique optical and electrical properties [7]. 
Non-planar MPcs, such as titanyl phthalocyanine (TiOPc), 
tin phthalocyanine (SnPc) [8], vanadyl phthalocyanine 
(VOPc) [9,10], chloroaluminum phthalocyanine (ClAlPc)  
[5] and chlorogallium phthalocyanine (GaClPc) [3], may 
adsorb on metal surface with two opposite molecular orien-
tations, which give rise to different dipole moments (Figure 
1(b)). Different adsorption configurations have significant 
influence on the functionalities of molecules and surface 
and/or interface properties. However, the studies on the ef-
fects of the non-planar molecular structure and interfacial 
electronic structure on interface dipole are still limited. It is 
thus important to investigate the charge redistribution across 
the molecule and the metal substrate and to determine the 
orientations of interface dipole moments induced by differ-
ent adsorbed configurations of non-planar molecules on 
metal surface. 
The local contact potential difference (LCPD) [11] re-
flects the local character of the work function (WF), which 
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is sensitive to microscopic structure of the surface. Interface 
dipole can shift the local WF of the sample in either direc-
tion and therefore, increase or decrease the LCPD. Electro-
static force measurements performed in noncontact atomic 
force microscope (NC-AFM) operation mode can be used to 
measure the LCPD between a conducting tip and the sub-
strate surface at the atomic scale [12]. With the recent de-
velopment of qPlus-AFM technique, the spatial resolution 
and energy sensitivity have reached single atom/molecule 
and single electron level [13,14]. For example, charge state 
of a single atom on thin insulating films and charge state of 
point defects of MgO surface have been discriminated 
[13,15]. Recently, Mohn et al. [14] demonstrated the map-
ping of the LCPD with sub-molecular resolution using Kel-
vin probe force microscopy (KPFM), and verified the re-
flection of the intra-molecular charge distribution by the 
LCPD mapping. Thus, measuring LCPD using NC-AFM 
could facilitate the unambiguous determination of the inter-
face dipole moment orientation induced by adsorption of 
polar molecules on metal surface, which could reveal the 
charge transfer between the molecule and the metal surface 
at single molecule level.  
In this paper, we investigate the interface dipoles corre-
sponding to two different configurations of individual Ti-
OPc molecules on Cu(111) and Cu(100) substrates by using 
NC-AFM based on a qPlus sensor design (qPlus NC-AFM) 
[16]. The interface dipole moments have the opposite ori-
entations, which reflect the two different configurations of 
TiOPc molecules on Cu(111) surface. The actual molecular 
structures of the two configurations are correlated with the 
corresponding scanning tunneling microscope (STM) to-
pographies by combining the sub-molecular resolved STM 
images and LCPD measurements. However, the interface 
dipole moments induced by the different configurations of 
TiOPc molecules on Cu(100) have the same orientation. 
This indicates that the TiOPc molecule in the O-down con-
figuration interacts stronger with the Cu(100) surface than 
Cu(111) surface and large charge is donated from the 
Cu(100) substrate to the molecule. Compared with the pris-
tine substrate, the LCPD shift due to the adsorbed non-  
planar molecule is dependent on the permanent dipole mo-
ment of the molecule, the charge transfer between the sub-
strate and the molecule, and the molecular configurations. 
1  Experimental 
The experiments were carried out with a commercial low 
temperature scanning probe microscope (Omicron Nano-
technology, Germany) operated at ~78 K with a base pres-
sure below 10−10 mbar (1 mbar = 100 Pa). The instrument is 
based on a qPlus sensor design, which can work at both 
STM and NC-AFM operation modes. The Cu(111) and 
Cu(100) surfaces were cleaned by cycles of Ne+ sputtering 
(1500 eV) followed by annealing at ~850 K. TiOPc mole-
cules (97% purity, Aldrich, USA) were in situ deposited 
from a heated homemade crucible on the Cu(111) and 
Cu(100) substrates on the STM stage at ~78 K. The mole-
cules were degassed for more than 24 h before the deposi-
tion. An electrochemically etched tungsten tip was glued on 
the free prong of the tuning fork of the qPlus sensor. The 
resonant frequency of the qPlus sensor used for this study 
was ~21 kHz and the quality factor Q was in the range of 
3000–6000. All voltages are referred to the sample bias with 
respect to the tip. During the LCPD measurements, a stable 
tip configuration is ensured and no tip condition change has 
been observed after the measurements. 
2  Results and discussion 
TiOPc is a typical non-planar phthalocyanine molecule with 
a significant vertical permanent dipole moment of 3.73 De-
bye [17], as schematically shown in Figure 1(a). In contrast 
to the planar MPcs, the Ti and O atoms of TiOPc are locat-
ed above the molecular plane. The aromatic Pc prefers to 
adopt a flat-lying configuration when adsorbed onto metal 
or graphite surfaces as reported in previous works [18]. The 
molecular configurations of non-planar TiOPc on surface 
could be O atom pointing to the vacuum (O-up with dipole 
pointing to the substrate) and the substrate (O-down with 




Figure 1  (a) Chemical structure of TiOPc molecule in top view with a 
vertical dipole moment of 3.73 Debye. The different atomic species are 
colored in purple (Ti), red (O), blue (N), green (C) and white (H). (b) 
Schematic representation of two configurations of TiOPc on surface, O-up 
(O atom pointing to the vacuum, dipole-down) and O-down (O atom 
pointing to the substrate, dipole-up). (c) Constant-current STM image of 
TiOPc-dep and TiOPc-pro molecules on the Cu(111) surface (It = 50 pA, 
Vbias = 1.0 V).  
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Figure 1(c) shows a typical STM image of TiOPc molecules 
deposited on the Cu(111) surface. Two distinct configura-
tions of the TiOPc molecules were clearly resolved. One 
type of molecular configuration exhibits a four-lobed “cross” 
structure with a central protrusion, referring to TiOPc-pro 
configuration. The other configuration presents a four-lobed 
structure with a central depression, referring to TiOPc-dep 
configuration. Different to the adsorption on Ag(111) sur-
face at room temperature, on which TiOPc molecules ad-
sorbed in a tilted configuration and exhibited a three-lobe 
shape in STM images [19,20], the four-lobed “cross” struc-
ture of the two configurations on the Cu(111) surface is 
consistent with the chemical structure of TiOPc molecule 
and indicates a flat-lying adsorption configuration.  
The characteristic central features of MPcs could be the 
contribution of molecular geometric configuration or the 
local density of electronic states close to the Fermi level and 
their convolution [21,22]. It is difficult to identify the actual 
molecular structures from the corresponding STM topogra-
phy only according to the molecular geometry. For the pla-
nar MPc/metal system, the central metal ions appear either 
as a depression (M = Ni, Cu and Zn) [23–25] or a protrusion 
(M = Fe, Co and Mn) [26–28], depending on the energy of 
dZ
2 orbital with respect to the Fermi level. The non-planar 
MPc molecules also prefer a flat-lying adsorption configu-
ration on metal surface mostly due to the strong interaction 
between the π system of Pc skeleton and the metal substrate. 
The adsorption configurations could be in two opposite ori-
entations due to their non-planarity. The observed central 
protrusion feature is attributed to an upward orientation, and 
the depression feature to a downward orientation, which is 
reasonable for non-planar MPcs with pure metal, such as 
SnPc [8] and PbPc [29]. It has been reported that such at-
tribution is not always reliable especially for MPcs with O 
or Cl atom bonded to the metal ions. Barlow et al. [9] has 
reported an O-up configuration with a central depression 
and four bright lobes for VOPc adsorbed on an Au(111) 
surface. Hence, we cannot simply assign the TiOPc-pro to 
an O-up configuration and the TiOPc-dep to an O-down 
configuration. The correlation between the apparent topog-
raphy and actual molecular orientation should be assigned 
based on detailed information obtained from both STM im-
aging and dipole associated work function measurement. 
Non-planar polar molecules can adopt dipole up and 
down configurations on the substrate. The opposite dipoles 
can increase or decrease the local WF of the sample. We 
further investigated the different configurations of TiOPc 
molecule and the molecule-substrate interaction as well as 
their effects on the interface dipole by measuring the re-
sultant LCPD using a qPlus NC-AFM. The measured fre-
quency shift ∆f with respect to the sample bias V (∆f(V) 
spectra) at a constant tip height gives a parabola due to the 
electric force between tip and sample. LCPD is defined as 
eVCPD (e is the electron charge), which is measured by de-
termining the peak position of the ∆f(V) curve [12]. The 
corresponding maximum in the ∆f(V) curve is ∆f*, i.e. the 
∆f at the compensated VCPD. In all the ∆f(V) measurements: 
The tip was first positioned on the center of the molecule in 
constant-current mode (with tuning fork oscillating); Then 
the feedback loop was open and the sample bias voltage 
ramped over the predetermined range. During the measure-
ments of the ∆f(V), the z scale was corrected by the already 
obtained apparent height profiles in order to keep the tip at a 
common height relative to the substrate.  
The ∆f(V) spectra on TiOPc-pro, TiOPc-dep and Cu(111) 
surface at the constant tip height with respect to the Cu(111) 
substrate are shown in Figure 2. The LCPD shifts of TiOPc- 
pro and TiOPc-dep molecules were ~3410 meV and −39 
10 meV with respect to the Cu(111) surface, respectively.  
 
 
Figure 2  Close-up STM topography of (a) TiOPc-pro molecule (It = 100 
pA, Vbias = 0.5 V, 2.5 × 2.5 nm
2) and (c) TiOPc-dep molecule (It = 100 pA, 
Vbias = −1.0 V, 2.5 × 2.5 nm
2) on Cu(111) surface. Frequency shift as a 
function of the voltage above the center of (b) TiOPc-pro and (d) TiOPc- 
dep molecules with respect to that of the pristine Cu(111) surface (oscilla-
tion amplitude A = 1.0 nm, It = 100 pA, Vbias = −1.0 V). Parabolic fits and 
corresponding parabola peaks are indicated. Blue lines in (b) and (d) rep-
resent the ∆f(V) curves on the TiOPc molecules and the red lines for the 
∆f(V) curves on Cu(111) substrate. (e) Sketch illustrating the molecular 
orientation dependence of local WF shifts (red arrow) at TiOPc/Cu(111) 
interface with respect to the pristine Cu(111) surface. 
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The shifts in the LCPD can be explained by the interface 
dipole formed at the molecule/metal interface. In their pio-
neering paper, Gross et al. [13] had attributed the observed 
LCPD shift of Au− with respect to Au0 on 
NaCl(2ML)/Cu(111) to the dipole moment directed from 
the vacuum to the surface induced by the negative Au− and 
its screening charge in the underlying substrate. In the case 
of TiOPc-pro/Cu(111), the increase of LCPD at the Ti-
OPc-pro molecule position is due to the interface dipole 
moment pointing to the sample and the sample bias has to 
be more positive to compensate the dipole moment. The 
decrease of LCPD at the TiOPc-dep molecule position in-
dicates a surface dipole moment pointing to the vacuum, 
which lowers the local WF at the TiOPc-dep position and 
explains the negative LCPD shift with respect to that of 
Cu(111) surface. Note that the observed values of the LCPD 
shifts cannot be correlated to the amplitude of the dipole in 
a simple way because they were crucially dependent on the 
exact tip structure and composition. However, the observed 
directions in the LCPD shift can be readily assigned due to 
the only dependence on the adsorption configurations of 
TiOPc molecules. 
Figure 2(e) illustrates the local WF shift depending on 
the adsorption configurations of TiOPc molecules. The ob-
served LCPD shifts are in opposite direction and are con-
sistent with the oppositely oriented permanent dipole in-
duced by the TiOPc-pro and TiOPc-dep molecules, respec-
tively. Similar to the CuPc/Cu(111) system [18], TiOPc 
molecules tend to cover the steps first, which indicates a 
weak interaction between the molecules and the substrate. 
We believe that the dipole induced by charge transfer be-
tween TiOPc molecules and the Cu(111) surface may play a 
minor role comparing to the large permanent dipole of the 
TiOPc molecules. Hence, the different molecular features, 
TiOPc-pro and TiOPc-dep, observed in STM images are 
attributed to O-up and O-down configurations, respectively. 
This is contrast to the results of vanadyl naphthalocyanine 
grown on Au(111) surface reported by Terentjevs et al. [4]. 
They report a large contribution of “push-back” effect and a 
minor role of permanent molecular dipole in the work func-
tion reduction of the interface. The distinct origin of inter-
face dipole may be due to the different interaction between 
the molecules and substrates. 
It is well known that the charge transfer between the 
molecule and the substrate strongly influences the orienta-
tion and magnitude of interface dipole moment, leading to a 
strong dependence on the properties of the substrate. In or-
der to study the effect of different substrates on the WF 
modification and to extend the measurements of LCPD to 
broader systems, we performed the ∆f(V)-measurements on 
the TiOPc/Cu(100) system using the same method above.  
The TiOPc molecules on Cu(100) surface still prefer the 
flat-lying adsorption configuration. The two kinds of mo-
lecular central characteristics, protrusion and depression, 
can still be observed, as shown in Figure 3(a) and (c). The  
 
Figure 3  Close-up STM topography of (a) TiOPc-pro molecule (It = 100 
pA, Vbias = 1.0 V, 2.5 × 2.5 nm
2) and (c) TiOPc-dep molecule (It = 100 pA, 
Vbias = 0.5 V, 2.5 × 2.5 nm
2) on Cu(100) surface. The rectangle in (c) indi-
cates the two-fold symmetry of the TiOPc-dep molecule. Frequency shift 
as a function of the voltage above the center of (b) TiOPc-pro and (d) Ti-
OPc-dep molecule with respect to that of the pristine Cu(100) surface 
(oscillation amplitude A = 1.35 nm, It = 20 pA, Vbias = 1.0 V). Parabolic fits 
and corresponding parabola peaks are indicated. Blue lines in (b) and (d) 
represent the ∆f(V) curves on the TiOPc molecules and the red lines for the 
∆f(V) curves on Cu(100) substrate. (e) Sketch illustrating the molecular 
orientation dependence of local WF shifts (red arrow) at TiOPc/Cu(100) 
interface with respect to the pristine Cu(100) surface. 
corresponding LCPD shift between TiOPc-pro and Cu(100) 
surface was ~17 2 meV, as shown in Figure 3(b). The 
observed LCPD shift is in the same direction as that induced 
by the permanent dipole of TiOPc-pro molecule. The cor-
responding LCPD shift between TiOPc-dep and Cu(100) 
surface was 26 2 meV (Figure 3(d)), which is in the op-
posite direction as that induced by the permanent dipole of 
the TiOPc-dep molecule. The WF shift depending on the 
molecular configurations of TiOPc molecules are illustrated 
in Figure 3(e). The local WF above the TiOPc-pro and Ti-
OPc-dep molecules shifts in the same direction.  
It is interesting to note that the interface dipole moment 
above TiOPc-dep on Cu(100) points to the substrate and 
opposite to the permanent dipole moment of TiOPc-dep 
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molecule. Generally, the LCPD at a metal/organic interface 
can be modified through three mechanisms: (i) electron 
density “push-back” effect at the metal surface, (ii) the 
permanent dipole of the organic molecule and (iii) the 
“bonding” dipole induced by a partial charge transfer be-
tween the organic molecule and the metal. Considering that 
the “push-back” effect and the permanent dipole moment 
pointing to the vacuum will reduce the local WF, the inter-
face dipole moment above TiOPc-dep on Cu(100) should be 
resulted from the strong charge transfer from the Cu(100) 
surface. This is in analogy to the case of ClAlPc adsorbed 
on Cu(111) with Cl-down configuration reported by Niu et 
al. [5], in which a significant charge was donated from the 
Cu(111) surface to Cl-down adsorbed ClAlPc molecule and 
this charge transfer led to a symmetry reduction for 
Cl-down adsorbed ClAlPc from C4v to C2v. It should be 
noted that the linear central depression of the TiOPc-dep 
molecule on the Cu(100) surface (Figure 3(c)) also indicates 
a 2-fold symmetric feature of the TiOPc-dep/Cu(100) sys-
tem. The observed symmetry reduction could be resulted 
from the incommensurability of the 4-fold symmetric 
phthalocyanine and 6-fold symmetric metal surface [30] or 
the charge redistribution within the Pc ring because of the 
charge transfer between molecule and the substrate [5,31]. 
Considering the weak coupling of Pc ring with the substrate 
for the O-down configuration and the unobservable sym-
metry reduction for the TiOPc-pro molecule, a stronger 
molecule-substrate interaction can be suggested for the Ti-
OPc-dep/Cu(100) system and the charge transfer between O 
atom and the copper surface leads to the charge redistribu-
tion within the Pc ring. Hence, it is the significant charge 
redistribution that dominates the permanent dipole moment 
of TiOPc-dep molecule and results in the interface dipole 
moment pointing to the substrate. Comparing to the Cu(100) 
surface, the Cu(111) surface has larger WF [32] and is in-
erter in reactivity. These differences might lead to weaker 
charge transfer between the TiOPc-dep molecule and 
Cu(111) surface and weaker “bonding” dipole. Therefore, 
the permanent dipole of TiOPc-dep molecule dominates the 
interface dipole of the TiOPc-dep molecules on Cu(111) 
surface and leads to the same orientation of the permanent 
dipole and the interface dipole. The adsorption of MPcs on 
Cu(111) and Cu(100), respectively, can provide a valuable 
contribution to the understanding of molecule-substrate in-
teractions and shed light on tailoring interfacial electronic 
properties and controlling local physical properties via polar 
molecule adsorption.  
3  Conclusion 
In summary, we presented a combined STM and NC-AFM 
investigation on the orientation-specific electric dipole mo-
ments of polar TiOPc molecules on Cu(111) and Cu(100) 
surfaces. For TiOPc adsorbed on Cu(111) surface, the ob-
served interface dipole moments are in the same direction as 
the permanent dipoles of the TiOPc-pro and TiOPc-dep 
molecules. We correlate the actual molecular structures with 
the corresponding STM topographies by combining the 
sub-molecular resolved STM images and LCPD measure-
ments. However, the interface dipole moment above Ti-
OPc-dep on Cu(100) is observed to be opposite to the per-
manent dipole moment of TiOPc-dep, which could be at-
tributed to the significant charge transfer between Ti-
OPc-dep and Cu(100) surface. The LCPD shift due to the 
adsorbed non-planar molecule is the contribution of the 
permanent dipole of the molecule, the molecular adsorption 
configurations, and the charge transfer between the sub-
strate and the molecule. The results shown here could fur-
ther the understanding of the microscopic structural and 
interfacial electronic properties of the molecule as it ad-
sorbed on different metallic substrates and foster investiga-
tions on molecular electronics and electronic properties of 
metal/organic interface.  
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